[1] Simultaneous observations obtained by the Solwind coronagraph and Faraday rotation of the Helios radio frequency carrier signal in 1979 showed that CMEs produce characteristic 'W' or sigmoid transients in Faraday rotation observations similar to those observed by Pioneer 6 and 9 in 1968 and 1970. We demonstrate that a relaxed flux-rope model is capable of reproducing these observations. Through fitting the model to the observations, we can obtain information on the flux rope orientation, position, size, velocity, rate of change of rope radius and pitch angle. With electron density measurements, we can also obtain a measure of the magnetic field strength. These fits demonstrate that Faraday rotation observations can provide information on the magnetic field of a CME shortly after it erupts.
Introduction
[2] There have been many solar transients seen during Faraday rotation (FR) observations giving distinct 'W' or sigmoid time signatures. Bird et al. [1985] identified these transients with coronal mass ejections (CMEs) [see also Bird and Edenhofer, 1990; Pätzold and Bird, 1998; Woo, 1997] . Observations at 1AU show that the interplanetary counterparts of CMEs contain a magnetic flux rope [Lindsay et al., 1999] . Herein we show that a magnetic flux rope can produce the observed transient, FR signatures near the Sun.
[3] FR is the angular deviation of the plane of polarization of an electromagnetic (EM) wave as it traverses a birefringent medium. FR is an integrated measurement of the magnetic field along the line of sight (LOS) that is weighted by the electron density.
[4] During the superior conjunctions of Pioneer 6 and 9, and Helios 1 and 2, these spacecraft equipped with 2.3 GHz radio frequency carriers observed solar transient crossings in 1968, 1970, and 1979 . The transient crossings lasted several hours and the FR observations had characteristic signatures that have not been explained. Herein we show how the signatures can be produced by a magnetic flux rope.
Background

Pioneer 6
[5] Using Pioneer 6 Levy et al. [1969] measured three 'W' shaped transients; the transients occurred with a separation of four days (Nov 4, 8, and 12 ) indicating significant solar activity. The duration time of the transients were around 3 hours, the maximum rotation was approximately 40 deg, and they occurred at solar offsets of the LOS at 11.5, 9, and 6.5 solar radii, respectively (Figure 1 ).
Pioneer 9
[6] Cannon [1976] measured a sigmoidal shaped transient using Pioneer 9 in 1970; the duration time of the structure was around 6 hours, the maximum rotation was close to 10 deg, and the impact parameter of the LOS was 5.8 solar radii (Figure 1 ).
Helios 1 and 2
[7] In 1979 Solwind coronagraph observations were used to select the intervals of Helios FR measurements to be analyzed (Figure 2 ). The first CME FR observation on 1979 Oct 23 was incomplete; however, it appears to have lasted 8 hours and rotated a maximum of 120 deg. The second CME on the following day lasted 6 hours and rotated a maximum of 60 deg (ranging over 100 deg). The Oct 27 CME is unusual and will be discussed in more detail later. The Nov 16 CME appears to have a 3 hour transit time based on the changes in the variance of the FR at the leading edge (1200 UT) and the trailing edge (1500 UT).
Modeling a CME
[8] When a CME crosses the LOS over a period of time, the FR changes due to the change in the electron density and the component of the magnetic field within the structure of the CME which is crossing the LOS as the CME convects radially outward. Figure 3 shows the geometry of the interaction.
[9] In theory the mean electron density and the magnetic field of the CME can be separately determined with the use of total electron content (TEC) data and a CME magnetic field model; however, TEC data was only available during the beginning of the Oct 23 and 24 CME crossings from Solwind. As we show below, the orientation of a CME can be determined by the shape of the FR signature it produces independent of the background electron density assuming that the density does not change. This assumption is necessary to fit the relaxed flux rope model to the FR observations.
Flux Rope Model
[10] The simplest magnetic field model for a CME is the Taylor-state flux-rope model [Taylor, 1986] ; the model consists of a cylindrical force-free configuration of twisted magnetic field lines becoming more twisted with radius (equation 1). The Bessel function solutions for this configuration are the axial (J 0 ) and toroidal (J 1 ) components of the field which vary with distance from the center of the rope [Russell and Mulligan, 2003] .
where B 0 is the magnetic field magnitude of the central axis of the rope, a is the Bessel function constant, H is the handedness (H = ±1, where +1 is right-handed), R is the radius of the flux rope cylinder, and r is the radial position of a point in the flux rope. Note that a was set to 2.0 for all the fits except Oct 24, 1979; this case is discussed later.
[11] Equation 2 includes a flux rope in the calculation of FR.
where t is the time when a particular portion of the structure is crossing the LOS, A is the constant . The geometry of a CME crossing at initiation. (top) The position of the spacecraft (R SC ), the signal path ( SP ! ), the CME track (its position when it crosses the line of sight) (C), the perpendicular to the axis of the CME and the signal path (X ing ), the vector to the point of closest approach (IP ! ), and the angle from IP ! toC (CA) are shown. The cone angle and azimuthal angles of the CME shown are q = f = 90 deg. (bottom) A side view of Figure 3 (top). We show the CME (solid line) when the crossing starts and the effect orientation has on the crossing start time. The tilted CME (dashed line) has already started crossing the line of sight. In this case the model would reduce the radius of the CME (dashed line) to maintain the same start time.
LOS in m from the spacecraft SC to the Earth È, c is the speed of light, and 0 is the permittivity of free space.
[12] The direction of the magnetic field with respect to the LOS controls the polarity of the FR, while the magnitude of the magnetic field in the Bessel function solution combines with the electron density in the flux rope to provide the measure of the absolute value of rotation. The electron density along the LOS must be measured in order to determine the magnitude of the magnetic field. However, the lack of an electron density measurement does not affect the determination of other CME properties. FR observations most clearly show the orientation of the CME through [J 0 (ar(t, s)/R)b j0 + HJ 1 (ar(t, s)/R)b j1 ] Á ds. For the purposes of fitting as a consequence of this, the FR measurements and model calculations were normalized.
[13] Note that the length of the flux-rope cylinder z was set to 2R; this was an arbitrary setting to approximate the size of the rope that lies along the LOS based on the fact that real CME flux ropes are curved and have footpoints located back on the Sun with only a finite part of the structure crossing the LOS.
Determining the Position and Size of the CME
[14] As shown in Figure 3 (top), the position of the spacecraft is given byR SC , the signal path is given bySP, and the center of the CME is given byC. Note that the center is midway on the rope axis at z/2. We require that the CME move away from the Sun in the radial direction. The time of eruption (t e ) to the time of the LOS crossing (t c ) is dependent on the position of the CME out of the plane of the sky (the angle CA in Figure 3 , top) and the velocity of the CME (Vel) given that the impact parameter (IP) of the point of closest approach of the LOS is known.
[15] As shown in Figure 3 for a CME oriented perpendicular to the LOS as the crossing starts, the shortest distance from the LOS to the central axis of the CME is perpendicular to both (labeled X ing ) which gives the size of the CME radius (R). The cross-sectional size of the CME is a model dependent function. If we take the cylinder (solid line) shown in Figure 3 (bottom) and rotate it (fixing the center) around the axis parallel to the LOS, then we will find that a portion of the CME will be across the LOS (dashed line cylinder in Figure 3 , bottom). Therefore in this new orientation the radius of the cross-section is smaller.
[16] If the center of the CME when the axis crosses the LOS (t c ) can be uniquely determined, then the rate of change of rope radius of the CME can be calculated.
where t i and t f are the times when the CME crossing starts and stops.
[17] Changes in the orientation and position (CA angle) of the CME affect its size, velocity, and rate of change of rope radius. As the fitting process minimizes the difference between the model and data, all these parameters are recalculated. The time for the center crossing t c is initially set midway through the time series assuming the CME is not expanding. If a good fit cannot be obtained from t c = (t i + t f )/2, the time was then shifted around this point and another fit performed until the best fit was obtained. We note that the course sampling of the FR observations used for the fits was necessary to optimize computation time.
Orientation
[18] A coordinate system for determining the orientation of the CME axis was constructed with the x-axis pointing from the spacecraft to the Earth. The y-axis is perpendicular to the LOS from the center of the sun to the point of closest approach; this is the direction of the solar wind. The z-axis completes the right handed coordinate system. In this coordinate system, the azimuthal angle (f) is the 360 deg in the yz-plane with 0 deg along the y-axis and 90 deg along the z-axis. The cone angle (q) is the angular elongation measured from the positive x-axis.
[19] Multiple modeling runs over the full range of possible azimuthal and cone angles were used to develop a template for the shape of the expected FR structures [Jensen, 2007] ; this was used to determine the orientation with which to initialize the fit. CME crossings with a cone angle approximately anti-parallel to the X-axis produced a dip in FR as shown in Figure 1 of the Pioneer 6 fits.
[20] Table 1 gives the orientations of the right-handed flux ropes used to produce the fits shown in Figures 1  and 2 ; a left-handed rope at the orientations given in Table 1 would produce the same signatures reversed with respect to the abscissa. The CA angle is ambiguous because the FR signature would be identical whether or not the flux rope was located out of the plane of the sky towards or away from the Earth. In the following section, we discuss these results in more detail for the individual observations.
[21] We find that the orientation is ambiguous with the handedness of the twisted magnetic field. All flux ropes produce identical FR signatures between opposite handedness and opposite azimuthal directions. For instance at 90 deg cone angle (q = 90), a right-handed flux rope at 90 deg azimuth (f = 90) will give the same FR signature as a left-handed flux rope at 270 deg azimuth. The ambiguity of some CME magnetic field orientations such as limb eruptions with the axial field in the yz-plane (with no LOS component) cannot be resolved with additional LOSs through the structure. The axis of the CME has to be out of the plane of the sky by 30 deg to allow the axial magnetic field to dominate the toroidal component along a LOS in the region of the leg of the CME.
Observation Fits
[22] Tables 1 and 2 give the results of the Taylor state flux rope fits to the Pioneer 6 and 9, and Helios 1 and 2 normalized FR observations. Table 1 gives the orientation of the CME relative to the coordinate system described in the previous section and shown in Figure 3 . Table 2 gives the measured TECs, the impact parameter of the closest approach of the LOS, and the apparent velocity of the CMEs from observations [Bird et al., 1985; Levy et al., 1969; Stelzried, 1970; Cannon, 1976] . The other parameters in the table give the radius of the flux rope and the rate of change of the radius from the fits. Note that the apparent velocities from Solwind are more reliable than from radio bursts.
Helios
[23] Both the 1979 Oct 23 and 24 CMEs were clearly oriented antiparallel to the LOS; their cone angles were both 150 deg. The rise on either side of the Oct 24 CME can easily be produced by increasing a past the axial field reversal point at a = 2.4. Twisted flux ropes of these types have been observed in Venus' ionosphere [Elphic and Russell, 1983] , and there is little physical evidence to suggest another cause of the reversals. Because the flux rope was oriented along the LOS in these CMEs, the longitudinal magnetic field components measured by Bird et al. [1985] provided a good measurement of the magnetic field magnitude.
[24] The Oct 27 CME shown in Figure 2 is included in the analysis to demonstrate that all the CME measurements can be modeled with flux ropes. However, it is not clear from the Solwind observations that the measurements obtained were in fact within the CME. The fit that was produced suggests that the CME which erupted was propagating towards the Earth with a cone angle of 80 deg and an azimuthal angle of 80 deg; the coronagraph observations are unclear as to the CME velocity direction and magnitude.
[25] The Nov 16 CME shows a FR reverse sigmoid similar to the Pioneer 9 measurement and varies over 160 deg. The exact details of the reverse sigmoid are difficult to determine, because the Solwind observations were unclear. It is oriented with a cone angle of 60 deg and an azimuthal angle of 270 deg.
Pioneer
[26] As mentioned previously, the Pioneer 6 FR 'W' transients (1968 Nov 4, 8, and 12) are very similar in structure to the Helios 1979 Oct 23 and 24 CME crossings which have been shown to be caused by a flux rope antiparallel to the LOS. There is enough similar structure between the 1979 Oct 23 and 24 Helios CMEs and the Pioneer 6 transients to indicate that the Pioneer transients are also caused by flux ropes. They all cross the LOS over a period of hours and include large negative FR. As a result these FR measurements can be modeled with the flux rope model described previously.
[27] The similarity in structure between the Pioneer 9 (1970) transient and 1979 Nov 16 CME indicates that this transient is probably a flux rope as well; the Pioneer 9 structure is similar to the perpendicular CME orientation for a right-handed flux rope with an azimuthal angle of 90 deg and a cone angle of 100 deg. The flux rope source is further supported in that similar to all the other CMEs measured, the Pioneer 9 transient crossing occurs over the period of hours.
Summary
[28] Many observations of transient structures have been obtained during FR observations of the solar corona. Helios data [Bird et al., 1985] showed that these transients were associated with CMEs. Herein we have demonstrated that a FR simulation of a Taylor state flux rope LOS crossing is capable of reproducing the transient/CME signatures previously measured. This observation indicates that the imbedded flux ropes seen in ICMEs at 1AU have their origins back at the Sun and are not created by processes such as velocity shear or reconnection in transit to the Earth. We note that the fluctuations creating the 'W' shape as opposed to our fits which assumed more of a 'V' shape cannot be fit with the Taylor state flux rope model. The variability is due either to fluctuations in electron density or the limitations in the flux rope model.
[29] We found that the 'W' transient events observed by Pioneer 6 (1968) and Helios (1979 Oct 23 and 24) were flux ropes oriented at cone angles varying from 150 to 180 deg. We also found that the sigmoid transient event observed by Pioneer 9 (1970) and the reverse sigmoid transient event observed by Helios (1979 November 16) were produced by flux ropes oriented at cone angles of 100 and 80 deg respectively. Finally, we showed that if the 1979 Oct 27 CME crossed the LOS, then it was propagating Earthward with a southward (RH) or northward (LH) directed axial field. This CME demonstrates the predictive capability of regular FR observations at small impact parameters.
[30] Other CME parameters such as magnetic field strength, size, position, velocity, rate of change of rope The rope radii, R; rate of change of rope radius, V r ; total electron content, I; impact parameters, IP; observed velocities, Vel A [Bird et al., 1985; Levy et al., 1969; Stelzried, 1970; Cannon, 1976] . radius, and pitch angle can be determined with the simplifying assumptions used in our model. Based on the fits, we found that Bird et al. [1985] measured the axial magnetic field strength in the 1979 Oct 23 and 24 CMEs of approximately 1.0 mT. We found that the cross-sectional radius of the CME tends to increase with distance from the Sun. A positive rate of change of the rope radius may indicate that the Taylor flux rope is appropriate and the flux rope is expanding. A negative rate of change of rope radius was in general small (with the exception of Nov 12, 1968); however, it indicates that the Taylor state flux rope model may be too restrictive. Finally, based on the 1979 Oct 23 and 24 CMEs, the cross-sectional radius appears to be inversely related to electron density.
[31] We found that for a single LOS observation, the orientation is ambiguous with the handedness and azimuthal direction of the axial magnetic field, and we discuss that for most orientations, this ambiguity can be resolved with multiple LOSs. This applies to the full sky FR observations that will be obtained by the Murchison Widefield Array [Liu et al., 2007] .
